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FIG. 1B

1. Iron oxide nanodispersion in chloroform

e TTET Y] T T

P il
| ] -'I-.-
-
e ]

“h

o - =" addition of oleic acid M
coprecipitation in aq. NaOH

reconstitution in chloroform

Encapsulated Fe, O,

2. PLANP formation

+ PLA, PEIand " emulsification in water
Pluronic -F'53 chloroform evaporation

. e .- e P - LTy - .
"*-'_.;: _:-‘:_-.:.__;::-; (- ..:!:"-:..- it S L
E ' - o
o
LA * . oo - el
I -
- - R k)
L . ST
Nri g
et " '53":':“. -
: B P o Ty
L AT S L e N
ol e S }
Lo s et et =N -
LR s . [ i
Lala T & LR PP S
SRR . A y - = ﬁ:_.-‘“ )
> - -t st -::': - e X
Wi i | m Il .o
. - " . - -t .- . e

e
- W . .
. '-_-".'\-"L
b e, 7 i -
' - il ;
o A A . - A
I N . A . L
LS : L . M H . .
- 3 . P I I .o T
— ' " et =Lt ) L FESE
ComedNL LT TTnov L mImE T RIS P
-~ e " e ol T H




U.S. Patent Dec. 7, 2010 Sheet 3 of 10 US 7,846,201 B2

FIG. 1C
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FIG. 2B
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MAGNETICALLY-DRIVEN
BIODEGRADABLE GENE DELIVERY
NANOPARTICLES FORMULATED WITH
SURFACE-ATTACHED POLYCATIONIC
COMPLEX

BACKGROUND OF THE

INVENTION

1. Field of Invention

This invention relates to delivery of biomaterial to a cell or
a tissue, and more particularly 1t relates to delivery of bioma-
terial associated with particles.

2. Description of Related Art

In general, nanoparticles have been very ineflective
vehicles for gene delivery, with expression levels below those
seen with naked DNA. Thus, there has been relatively little
progress with DNA incorporation into biodegradable sus-
tained release particles. Also, problems encountered 1n gene
therapy include slow accumulation and low concentration of
gene vector 1n target tissues.

Nanoparticles formed from biodegradable polymers have
been used to carry active molecules to sites 1n the body where
the therapeutic effect 1s required (see Quintanar-Guerrero et
al., Preparation techniques and mechanisms of formation of
biodegradable nanoparticles from preformed polymers. Drug
Dev Ind Pharm 1998; 24:1113-28; and Kumar MNR. Nano
and microparticles as controlled drug delivery devices. ]
Pharm Pharmaceut Sc1 2000; 3:234-58). Quintanar-Guerrero
et al. describe various techniques available to prepare biode-
gradable nanoparticles from polymers such as for example,
emulsification-solvent evaporation, solvent displacement,
salting-out, and emulsification diffusion. In general, such
nanoparticles have limited loading capacity for most hydro-
philic drugs and also are not efficient 1n cases where rapid
accumulation of active molecules 1s required at their target
sites.

Various studies were conducted to improve delivery of a
biomaterial such as viruses (e.g., adenovirus) and plasmid
DNA by physical means such as an application of a magnetic
field to a vector including magnetically responsive solid
phases, which are micro-to nanometer sized particles or
aggregates thereof (see Plank et al., Enhancing and targeting
nucleic acid delivery by magnetic force. Expert Opin Biol
Ther. 2003; 3:745-38 (Plank I thereatter); Plank et al., The
magnetofection method: using magnetic force to enhance
gene delivery. Biol. Chem. 2003; 384:7377-47 (Plank II there-
alter); Scherer et al. Magnetofection: enhancing and targeting
gene delivery by magnetic force 1n vitro and 1n vivo. Gene
Ther. 2002; 9:102-9).

Ito et al. describe application of magnetic granules (0.1-0.5
microns) as carriers for anti-cancer drugs administered orally
in local targeting chemotherapy of esophageal cancer (see
Magnetic Granules: A Novel System for Specific Drug Deliv-
ery to Esophageal Mucosa in Oral Admimistration. Int’l. J. of
Pharmaceutics, 61 (1990), pp. 109-117). Compositions
described by Ito et al. were not made as colloidal particles,
and magnetic granules used therein were not stabilized.

U.S. Pat. No. 5,916,539 to Pilgrimm describes superpara-
magnetic particles useful 1n medicine for destroying tumors,
increasing immunity and diagnosing conditions. The patent
describes aggregates ol superparamagnetic single-domain
particles bearing on 1ts surface chemically bound organic
substances for further binding of active substances such as
antigens, antibodies, haptens, protein A, protein G, endot-
oxin-binding proteis, lectins, and selectins.

Anias et al. describes an anionic polymerization procedure
tor preparing colloidal nanoparticles consisting of a magnetic
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2

core and a biodegradable polymeric shell wherein the poly-
merization medium was magnetite suspension 1n HCI solu-
tion (see Synthesis and Characterization of Poly(ethyl-2-cy-
anoacrylate) Nanoparticles with a Magnetic Core. J of
Controlled Release 77 (2001), pp. 309-321).

Gomez-Lopera et al. describe preparation of colloidal par-
ticles formed by a magnetite nucleus and a biodegradable
poly(DL-lactide) polymer coating by a double emulsion
method, wherein aqueous suspension of magnetite particles
was used to prepare an emulsion with the polymer (see Syn-
thesis and Characterization of Spherical Magnetite/Biode-
gradable Polymer Composite Particles. J. of Colloid and
Interface Science 240, 40-477 (2001)). It 1s significant that the
magnetite 1 the cited studies was not incorporated as an
organic suspension, resulting 1n 1ts poor incorporation in the
particle.

Plank et al. describe superparamagnetic 1ron oxide nano-
particles manufactured with polyelectrolyte surface coatings
such as poly(ehylenimine) (PEI) and polylysine further asso-
ciated with gene vectors by salt induced colloid aggregation
(Magnetofection: enhancing and targeting gene delivery with
superparamagnetic nanoparticles and magnetic fields. J Lipo-
some Res. 2003; 13:29-32 (Plank III thereafter)). (See also
Plank II, Scherer et al., Magnetofection: enhancing and tar-
geting gene delivery by magnetic force 1n vitro and 1n vivo.
Gene Ther. 2002; 9:102-9).

The same research group further used magnetic beads 1n
combination with PEI and pDNA as a model of a non-viral
vector mediated gene expression system for transfection of
cells (see Krotz et al., Magnetofection potentiates gene deliv-
ery to cultured endothelial cells. J Vasc Res. 2003; 40(5):425-
434) and delivery of antisense oligonucleotides 1n a catheter-
based coronary angiloplastic therapy {for occlusive
cardiovascular disease (see Krotz et al., Magnetofection-A
highly efficient tool for antisense oligonucleotide delivery in
vitro and 1n vivo. Mol Ther. 2003; 7:7700-10). The magnetic
beads used by this research group lack the concept of sus-
tamned release and increased colloidal stability achievable
with biodegradable polymer-based particles. Moreover, the
reported results show a considerable extent of cell toxicity
caused by nanoparticulate formulations (see Plank II, supra).
The PEI coating stability and a possible aggregation 1n bio-
logical tluids have not been examined, but might potentially
be a concern 1n these formulations.

Miller et al. studied cytotoxicity of poly(lactide), poly
(lactide-co-glucolide), poly(styrene) and solid lipid particles
loaded with magnetite. No attempts to incorporate magnetite
as a stable organic dispersion were described (see Cytotoxic-
ity of Magnetite-Loaded Polylactide, Polylactide/Glycolide
Particles and Solid Lipid Nanoparticles. Int’l. J. of Pharma-
ceutics 138 (1996) 85-94). Further, the possibility of loading
the particles with a drug has not been examined.

Igartua et al. describe encapsulation of magnetite particles
stabilized by oleic acid 1n solid lipid nanoparticles (see Devel -
opment and Characterization of Solid Lipid Nanoparticles
Loaded with Magnetite. Int’l. J. of Pharmaceutics 233 (2002)
149-157). The authors did not address using polymer as a
matrix and presented no results on drug loading 1n such par-
ticles.

De Cuyper et al. describe magnetoliposomes which are
phospholipid bilayer coated magnetite particles prepared by
adsorption of sonicated phospholipids onto magnetite stabi-
lized by lauric acid in an aqueous solution (see Magnetolipo-
somes. Formation and structural characterization. Eur Bio-
phys J 1988; 15:311-319). Such liposomes are too small to be
clfectively mamipulated by magnetic field. Although, ability
to bind drug have not been studied, the liposomes prepared by
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this method have limited capacity for drug substances since
they can be loaded only by surface adsorption.

Messa1 et al. describe poly (lactic acid)-based particles
((PLA nanoparticles) surface modified by electrostatic
adsorption of PEI, wherein PEI 1s associated with DNA (see
Elaboration of Poly(ethyleneimine) Coated Poly(D, L-lactic
acid) Particles. Effect of Ionic Strength on the Surface Prop-
erties and DNA Binding Capabilities. Colloids and Surfaces
B: Bioninterfaces 32 (2003), pp. 293-305). PEI adsorbed onto
PLA nanoparticles does not provide a stable coating and
readily dissociates into the external medium upon dilution.

Sullivan et al. describe gene delivery scatfolds based on
DNA plasmid condensation with colloidal gold/PEI conju-
gates (see Development of a Novel Gene Delivery Scatfold
Utilizing Colloidal Gold-Polyethylenimine Conjugates for
DNA Condensation. Gene Therapy (2003) 10, 1882-1890).
Although, such conjugates when used as a vehicle for gene
delivery exhibit improved size stability when compared to
PEI alone, they cannot be targeted by magnetic field and lack
sustained release properties.

Despite the foregoing developments, there 1s a need in the
art for alternative means of delivery of biomaterial.

All references cited herein are incorporated herein by ref-
erence 1n their entireties.

BRIEF SUMMARY OF THE INVENTION

Accordingly, the invention provides a particle comprising a
matrix-forming agent; and a polyelectrolyte-amphiphilic
agent adduct wherein the polyelectrolyte-amphiphilic agent
adduct 1s in physical communication with the matrix-forming
agent.

In certain embodiments, the polyelectrolyte-amphiphilic
agent adduct has a C,-C,, hydrocarbon chain. Preferably, the
polyelectrolyte-amphiphilic agent adduct 1s poly(ethylene-
imine) carboxylate. In certain embodiments, the polyelectro-
lyte-amphiphilic agent adduct 1s formed by an association of
a polyelectrolyte with a first amphiphilic agent.

In certain embodiments, the particle further comprises a
coated magnetic field-responsive agent having a magnetic
ficld-responsive agent 1n communication with a second
amphiphilic agent, wherein the coated magnetic field-respon-
stve agent 1s 1n communication with the matrix-forming
agent. In one vanant, the first amphiphilic agent and the
second amphiphilic agent are the same substance.

In certain embodiments, the particle further comprises a
biomaterial in communication with at least one of the poly-
clectrolyte-amphiphilic agent adduct or the matrix-forming
agent. In certain embodiments, the particle further comprises
a biomaterial 1n communication with at least one of the poly-
clectrolyte-amphiphilic agent adduct or the matrix-forming
agent, wherein the particle 1s free of the magnetic field-re-
sponsive agent.

In certain embodiments, the particle further comprises a
stabilizer.

Further provided 1s a magnetic particle comprising a
matrix-forming polymer; and a coated magnetic ficld-respon-
stve agent comprising a magnetic field-responsive agent and
a second amphiphilic agent, wherein the coated magnetic
field-responsive agent 1s 1n communication with the matrix-
forming polymer, provided that the magnetic particle 1s free
ol a polyelectrolyte. In certain embodiments, the magnetic
particle further comprises a biomaterial 1n communication
with the matrix-forming polymer.

Further provided 1s a particle comprising a matrix-forming,
polymer, a polyelectrolyte-amphiphilic agent adduct com-
prising a first C,,-C,, carboxylate group, wherein the first
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C,,-C,, carboxylate group i1s in physical communication
with the matrix-forming polymer; a second amphiphilic agent
comprising a second C,,-C,, carboxylate group 1n commu-
nication with the matrnix-forming polymer; and a magnetic-
field responsive agent 1n communication with a second C, ,-
C,, carboxylate group. In certain embodiments, the particle
turther comprises a stabilizer. In certain embodiments, the
particle further comprises a biomaterial 1n communication
with the polyelectrolyte-amphiphilic agent adduct and
optionally with the matrix-forming polymer.

Further provided 1s a method of making the particle of the
invention, the method comprising:

providing the matrix-forming agent;

providing a polyelectrolyte;

providing a first amphiphilic agent;

providing a first medium and a second medium;

optionally providing a stabilizer;

mixing at least the matrix-forming agent, the first medium,
and the second medium and optionally the polyelectrolyte,
the first amphiphilic agent, and/or the stabilizer to give a first
mixture:

emulsifying the first mixture to give a first emulsion; and

removing the first medium and thereby forming the par-
ticle, on a condition that the polyelectrolyte, the first
amphiphilic agent, and the stabilizer are provided to at least
one of the first medium, the second medium, the first mixture,
the first emulsion, or the particle such that the polyelectrolyte
and the first amphiphilic agent form the polyelectrolyte-am-
phiphilic agent adduct. In certain embodiments, the method
further comprises providing a biomaterial.

In another embodiment, the method further comprises pro-
viding a coated magnetic ficld-responsive agent to at least one
of the first medium, the second medium, and/or the first
mixture.

In one variant of this embodiment, the method further
comprises providing a biomaterial, wherein the biomaterial 1s
provided to at least one of the first mixture, the first emulsion
and/or the particle.

Further provided 1s a method of making the magnetic par-
ticle of the invention, the method comprising:

providing the matrix-forming polymer;

providing the coated magnetic field-responsive agent;

providing a first medium and a second medium;

optionally providing a stabilizer;

mixing at least the matrix-forming polymer, the first
medium, and the second medium to give a second mixture;

emulsifying the second mixture to give a second emulsion;
and

removing the first medium and thereby forming the par-
ticle, on a condition that the coated magnetic field-responsive
agent and optionally the stabilizer are provided to at least one
of the first medium, the second medium, or the second mix-
ture. One variant of this embodiment includes further provid-
ing a biomaterial. The biomaternial can be provided to at least
one of the second mixture, the second emulsion or the mag-
netic particle.

Further provided 1s a method of making a particle, the
method comprising:

providing a first medium and a second medium;

providing a coated magnetic ficld-responsive agent;

optionally providing a stabilizer;

providing a composition comprising a matrix-forming
agent, a polyelectrolyte, a first amphiphilic agent and option-
ally the stabilizer;

dispersing the coated magnetic field-responsive agent 1n
the first medium to form a dispersion;

mixing the composition with the dispersion;
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adding the second medium to the composition and the
dispersion to form a first mixture;

emulsitying the first mixture to give a first emulsion; and

removing the first medium and thereby forming the par-
ticle.

Also provided 1s a particle made by the above method. In
one variant, the particle further comprises a biomatenal.

Also provided 1s a method of delivery of a biomaterial to a
target cell or a target tissue, the method comprising:

administering the particle of the mnvention comprising the
matrix-forming agent, polyelectrolyte-amphiphilic agent
adduct, the coated magnetic field-responsive agent and the
biomaterial;

optionally providing a magnetic device associated with the
target cell or the target tissue;

applying a magnetic force to the particle; and

guiding the particle by the magnetic force and thereby
delivering the biomaterial to the target cell or the target tissue.

Further provided 1s a method of delivery of a biomaterial to
a target cell or a target tissue, the method comprising:

administering the particle of the invention comprising the
matrix-forming agent, the coated magnetic field-responsive
agent, and the biomaterial, wherein the particle 1s free of the
polyelectrolyte;

optionally providing a magnetic device associated with the
target cell or the target tissue;

applying a magnetic force to the particle; and

guiding the particle toward the magnetic device by the
magnetic force and thereby delivering the biomaterial to the
target cell or the target tissue.

Also provided 1s a method of delivery of a biomaterial to a
cell or a tissue, the method comprising;:

administering the particle of the invention comprising the
matrix-forming agent, the polyelectrolyte-amphiphilic agent
adduct, and the biomaterial, wherein the particle 1s free of the
magnetic field-responsive agent;

delivering the biomaterial to the cell or tissue using the
particle as a carrier, wherein the cell 1s optionally contacted
with a transfection agent prior to said delivering.

The particles of the present invention have the following
features:

1. adjustable particle size and rapid cellular uptake;

2. surtace or bulk binding of a biomaterial (e.g., DNA
vectors);
3. biodegradable polymer matrix of the carrier;

4. the use of a polyelectrolyte (e.g., poly(ethyleneimine)
(PEI)) for enhanced biomaterial delivery and protection,
wherein the polyelectrolyte 1s complexed with or adducted to
an amphiphilic agent;

5. optional co-incorporation of a magnetic field-responsive
agent 1n association with an amphiphilic agent to confer a
magnetic targeting capability to particles; and

6. optional 1nclusion of biocompatible surface-moditying
agents to provide improved colloidal stability and “stealth™
properties 1 vivo.

BRIEF DESCRIPTION OF SEVERAL VIEWS OF
THE DRAWINGS

The mvention will be described 1n conjunction with the
tollowing drawings 1n which like reference numerals desig-
nate like elements and wherein:

FIGS. 1A and 1B are schemes showing a preferred method
of making the particle of the invention comprising the matrix-
forming agent, polyelectrolyte-amphiphilic agent adduct, the
coated magnetic field-responsive agent.
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FIG. 1C 1s a transmission electron micrograph of nanopar-
ticles containing magnetite.

FIG. 2A 1s a graph demonstrating magnetic properties of
nanoparticles prepared 1n various amounts of tetrahydrofuran
(THF).

FIG. 2B 1s a graph showing the effect of the organic phase
composition on the size of freshly prepared particles and size
stability observed 7 days after particles” preparation.

FIG. 3 1s a graph showing the extent and stability of PEI
association with magnetic NP as a function of the organic
phase composition.

FIG. 4A 1s a graph demonstrating relative fluorescence
measured at 485 nm/535 nm as a function of a nanoparticle
amount 1n A 10 cells, wherein nanoparticles were prepared
with 1ron oxide 1n O ml THF (large nanoparticles, LNP), 3 ml
THF (medium nanoparticles, MNP), and 4.5 ml THF (small
nanoparticles, SNP) and 1n 0 ml THF, large nanoparticles
without iron oxide (LNP Non Mag, used herein as a control).

FIG. 4B 1s a graph demonstrating relative fluorescence
measured at 485 nm/335 nm as a function of a nanoparticle
amount 1n BAEC cells.

FIG. 4C 1s a graph demonstrating relative fluorescence
measured at 650 nm/670 nm as a function of a nanoparticle
amount i A 10 cells.

FIG. 4D 1s a graph demonstrating relative fluorescence
measured at 650 nm/670 nm as a function of a nanoparticle
amount 1n BAEC.

FIG. 4E 1s a graph demonstrating cells survival as a func-
tion of a nanoparticle amount in A10 cells.

FIG. 4F 1s a graph demonstrating cells survival as a func-
tion of a nanoparticle amount in BAEC cells.

FIGS. 5A and 5B are bar graphs showing transfection
eilicacy of nanoparticles prepared as in Example 1 below and
associated with green fluorescent protein encoding DNA at
different theoretical charge ratios (5+/—, 10+/—, and 15+/-).
The results are shown 1n comparison with PEI alone and PEI
admixed to non-magnetic PL A nanoparticles prepared omiut-
ting stabilized magnetite incorporation and taken 1n amount
corresponding to that of the magnetic nanoparticles. The
transiection efficacy 1n the experimental and control groups
was examined as a function of magnetic field exposure,
wherein FIG. SA depicts results obtained without magnetic
field exposure and FIG. 5B depicts results obtained with
magnetic field exposure.

.

DETAILED DESCRIPTION OF THE INVENTION

The mvention was driven by the desire to develop particles
capable of carrying and delivering biomaterial. In certain
embodiments, the particles are capable of targeted delivery of
biomaterial under influence of a magnetic force, wherein the
particles further comprise a coated magnetic field-responsive
agent.

Accordingly, the invention provides a particle comprising a
matrix-forming agent and a polyelectrolyte-amphiphilic
agent adduct, wherein the polyelectrolyte-amphiphilic agent
adduct 1s 1n physical commumication with the matrix-forming
agent. In certain embodiments, the particle further comprises
a biomaterial 1n communication with at least one of the poly-
clectrolyte-amphiphilic agent adduct or the matrix-forming
agent.

Advantageously, the particle of the invention has two com-
partments for incorporation of a biomaterial: the polyelectro-
lyte and the matrix-forming agent, wherein one of the com-
partments or both can be utilized. The particles of the
invention provide an improved loading of a biomaterial such
as, for example, a plasmid DNA, by utilizing an 1onic binding
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with a polyelectrolyte (e.g., poly(ethyleneimine) (PEI)) com-
plexed with or adducted to an amphiphilic agent to form a
polyelectrolyte-amphiphilic agent adduct. The polyelectro-
lyte-amphiphilic agent adduct has a strong association with
the surface of particles due to a lipophilic and hydrophilic
domains with high affinities to respective media used in the
emulsification step of the particle preparation. The polyelec-
trolyte usetul 1n this mvention can be cationic (e.g., PEI) or
anionic (e.g., dextran sulfate).

A non-limiting example of the particle comprising an
anmionic polyelectrolyte 1s PLA (the matrix-forming poly-
mer)/stearylamine (the amphiphilic agent)/dextran sulfate
(polyanion)/PDGF (cationic biomaterial). A non-limiting
example of the particle comprising a cationic polyelectrolyte
1s PLA/oleic acid (the amphiphilic agent)/PEI (the
amphiphilic agent)/DNA (anionic biomaterial).

In addition, the biomaterial can be incorporated in the
particles of the invention by being adsorbed, entangled with
or entrapped by the matrix-forming polymer.

In certain embodiments, the particles of the invention have
magnetic targeting capabilities and thus enable the enhanced
targeted delivery of the biomatenal to specific cells or organs
either 1n cell culture or 1 vivo, wherein a magnetic field
gradient 1s induced by a magnetic field. The particles of the
invention mterface well with, for example, a nanoscale con-
trollable magnetic patterned device surface (the magnetic
device) for binding, release, and repeated loading of drug/
gene delivery systems. Thus, in certain embodiments, the
particle further comprises a coated magnetic field-responsive
agent having a magnetic field-responsive agent 1n communi-
cation with an amphiphilic agent, wherein the coated mag-
netic field-responsive agent 1s 1n communication with the
matrix-forming agent. In certain embodiments, such particle
turther comprises a biomaterial 1n communication with at
least one of the polyelectrolyte-amphiphilic agent adduct or
the matrix-forming agent.

In certain embodiments, the particle of the invention com-
prises a matrix-forming polymer, a polyelectrolyte-am-
phiphilic agent adduct comprising a first C, ,-C,_, carboxylate
group 1n physical communication with the matrix-forming
polymer, a second amphiphilic agent comprising a second
C,,-C,, carboxylate group in communication with the
matrix-forming polymer; and a magnetic-field responsive
agent 1n communication with a second C,,-C,, carboxylate
group. In certain embodiments, the particle further comprises
a stabilizer. In certain embodiments, the particle further com-
prises a biomaterial 1n communication with the polyelectro-
lyte-amphiphilic agent adduct and optionally, with the
matrix-forming polymer.

In a preferred embodiment, the particle of the mvention
comprises poly(lactic acid) (PLA), PEI-oleic acid adduct,
Pluronic F-68, magnetite coated with oleic acid (the coated
magnetic field-responsive agent) and DNA, wherein PLA,
PEI-oleic acid adduct, and Pluronic F-68 were premixed, then
mixed with a dispersion of magnetite/oleic acid 1n an organic
solvent, and emulsified 1n water, followed by removal of
organic solvent.

Further, the particle of the invention can be a magnetic
particle comprising a matrix-forming polymer; and a coated
magnetic field-responsive agent comprising a magnetic field-
responsive agent and a second amphiphilic agent, wherein the
coated magnetic field-responsive agent 1s in communication
with the matrix-forming polymer, provided that the magnetic
particle 1s free of a polyelectrolyte. A used herein, the term
“magnetic particle” denotes a particle possessing magnetic
capabilities conferred by the coated magnetic field-respon-
stve agent but 1n the absence of the polyelectrolyte to differ-
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entiate from a particle possessing magnetic capabilities and
comprising the polyelectrolyte. In certain embodiments, the
magnetic particle further comprises a biomaterial in commu-
nication with the matrix-forming polymer.

The particle of the invention can be used for delivery of
biomaterial entrapped in or adsorbed on the matrix-forming
polymer and/or associated with the particle surface via the
polyelectrolyte for various applications such as, for example,
drug therapy, chemotherapy, chemoembolization, hyperther-
mic cancer treatment, diagnostics, and radiotherapy.

One of the applications for this formulation 1s a targeted
gene or drug delivery to the heart.

In one embodiment of the invention, a cardiac catheterization
1s carried out with positioning of a powerful magnet 1n the
part ol the heart where gene delivery 1s desired, for example,
in the right atrium (a targeted tissue). Next, the particles of the
invention (e.g., the biodegradable PEI-modified magnetic
nanoparticles loaded with DNA) are administered to the coro-
nary artery (e.g., by injection) and the myocardial circulation
together with the magnetic field localizes the bulk of the
particles 1 the desired area, the right atrial myocardium. A
similar approach could be applied to virtually any target cell
or organ region by providing the particles of the invention and
a magnetic device associated with the targeted cell or the
targeted tissue.

The particles of the invention can be used also for the
prevention, diagnostic, or treatment of various conditions or
disorders such as, for example, tumors, gastro-intestinal dis-
case, pulmonary and bronchial disorders by delivering the
appropriate biomaterial. The particles of the invention can
also be used 1n hormonal therapy and anesthetic medication.

Also, the particles of the mnvention can be used as an ana-
lytical tool, for example for screening.

Delivery of biomaterial under intfluence of magnetic force

includes reversible movement of particles from one target site
to another.

In certain embodiments, the particle further comprises a
biomaterial 1n communication with at least one of the poly-
clectrolyte-amphiphilic agent adduct or the matrix-forming
agent, wherein the particle 1s free of the magnetic field-re-
sponsive agent.

The particle of the invention, 1ts components, and methods
of making the particle will be described 1n detail below.

Particle

The term “particle” as used herein denotes a solid colloidal
particle having a diameter of about 5 nm to about 10 microns.
The particle can be a sphere or a capsule, wherein the sphere
1s composed of a solid matrix, while the capsule has an
oil-based or water-based core surrounded by the matrix-
forming polymer. An example of a magnetic particle 1s shown
in FIG. 1C. The particle can have one or more coated mag-
netic field-responsive agents mcorporated within the matrix-
forming polymer. Preferably, multiple coated magnetic
nanocrystals are incorporated 1n the core of the particle.

Matrix-Forming Agent and Matrix-Forming Polymer

The matrix-forming agent used 1n the invention includes
synthetic or natural polymers and non-polymeric substances.

The term “matrnix-forming polymer” as used herein
denotes a synthetic or anatural polymer, which forms the core
of the particle. The matrix-forming polymer can be biode-
gradable, non-biodegradable, biocompatible, and 1s water-
insoluble. The release kinetics of biomaterial from nanopar-
ticles can be determined by the rate of the matrix-forming
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polymer’s degradation, diffusion or dissolution of material
entrapped 1n the particle or desorption of surface-bound sub-
stances.

Non-limiting examples of natural polymers are proteins,
polysaccharides and lipids as described by Quintanar-Guer-
rero et al., supra and Kumar, supra. Non-limiting examples of
synthetic polymers are poly(ester)s, poly(urethane)s, poly
(alkylcyanoacrylate)s, poly(anhydride)s, poly(ethylenevinyl
acetate), poly(lactone)s, poly(styrene)s, poly(amide)s, poly
(acrylonitrile)s, poly(acrylate)s, poly(metacrylate)s, poly
(orthoester)s, poly(ether-ester)s, poly(tetrafluoroethylene)s,
mixtures thereol and copolymers of corresponding mono-
mers. In certain embodiments, the poly(ester) 1s a member
selected from the group consisting of poly(lactide), poly(g-
lycolide), poly(lactide-co-glycolide), poly(e-caprolactone),
poly(dioxanone), poly(hydroxybutyrate), and poly(ethylene
terephthalate).

Non-limiting examples of non-polymeric substances are
solid lipids such as glycerides and fatty acids.

Amphiphilic Agent

The term “amphiphilic agent” as used herein denotes a
biocompatible agent having a molecule comprising a reactive
group and a lipophilic group. Non-limiting examples of
amphiphilic agents are fatty acids and lipids as well as salts
thereol such as carboxylates, phosphonates, bisphospho-
nates, phosphates, sulfonates, and sulfates. In certain embodi-
ments, fatty acids are C,,-C,, carboxylic acids and salts or
esters thereof; the preferred fatty acid is oleic acid. In certain
embodiments, lipids are phospholipids such as phosphati-
dylglycerol and phosphatidylinositol. Amphiphilic agent can
also be cationic, such as stearylamine, 3 3-(IN-[dimethylamine
cthane]| carbamoyl) cholesterol (DC-Chol), N-[1-(2,3-d10-
leoyloxy )propyl]-N,N,N-trimethylammonium chloride
(DOTAP).

One of the functions of the amphiphilic agent 1s to provide
a connection between the matrix-forming agent and the poly-
clectrolyte. In this mstance, the amphiphilic agent is referred
to as “a first amphiphilic agent.” An amphiphilic agent is also
used for forming a coated magnetic ficld-responsive agent
and 1s referred to as “a second amphiphilic agent”. A {first
amphiphilic agent and a second amphiphilic agent can be the
same or different.

The reactive group of the amphiphilic agent 1s a polar
chemical group such as, for example, a carboxylate group, a
phosphonate group, a bisphosphonate group, a phosphate
group, a sulfonate group, and a sulfate group. The association
between the amphiphilic agent and the polyelectrolyte may
be 10nic (e.g., an ammonium carboxylate 10n-pair) or cova-
lent (e.g. via amide, 1imine, urethane, urea, alkyl bond, etc.).

The lipophilic group of the amphiphilic agent 1s a hydro-
carbon chain with low water affimity, preferably a C,-C,,
chain having all saturated bonds (e.g., lauric acid and palmaitic
acid) or at least one unsaturated bond (e.g., oleic acid). The
hydrocarbon chain can present a cyclic structure (e.g. choles-
terol or cholic acid). The hydrocarbon chain can further have
one or more hydrogen atoms substituted with for example an
aromatic group. The hydrocarbon chain can further have one
of more carbon atoms substituted with heteroatoms (e.g.,
nitrogen, sulfur, and oxygen).

The adduct of the amphiphilic agent and the polyelectro-
lyte can be preformed or made in situ 1n the course of the
particle preparation.

Polyelectrolyte

The polyelectrolyte of the invention provides a connection
between the matrix-forming polymer and the biomaterial,
wherein the polyelectrolyte 1s associated with the matrix-
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forming polymer through the amphiphilic agent. The poly-
clectrolyte can be cationic or anionic.

In one embodiment, the polyelectrolyte and the biomate-
rial are 1onically associated. For example, the polyelectrolyte
1s cationic (e.g., poly(ethyleneimine)) and the biomaterial 1s
anionic (e.g., DNA) or the polyelectrolyte 1s anionic (e.g.,
dextran sulfate) and the biomaterial 1s cationic (e.g., PDGF).

Association between the biomaterial and the polyelectro-
lyte-amphiphilic agent adduct can also be covalent, wherein
reactive groups of the biomaterial chemically react with reac-
tive groups of the polyelectrolyte-amphiphilic agent.

In certain embodiments, the polyelectrolyte 1s a polyca-
tion. Non-limiting examples of polycations include poly(eth-
yleneimine), poly(allylamine), poly(lysine), poly(arginine),
poly(spermine), poly(spermidine), poly(propyleneimine),
poly(N-ethyl-4-vinyl pyridinium bromide), polyamidoamine
dendrimer and derivatives thereof.

Preferably, PEI used 1n the mmvention has a molecular

weight of about 25 KDa, and more preferably about 14 KDa
or less to enhance 1ts elimination from the body or 1s a bio-
degradable derivative thereof.
PEI with the molecular weight of atleast 25 KDa 1s known
to be toxic to cells. Decreasing the size of PEI reduces the
toxicity but it also reduces the efficacy of gene transfer (see
Forrest et al., Gosselin et al.).

Examples of biodegradable PEI derivatives useful 1n the
invention can be found 1n Gosselin et al., Efficient gene trans-
fer using reversibly cross-linked low molecular weight poly-
cthylenimine, Bioconjug Chem. 2001 November-December;
12(6):989-94, and are expected to be less toxic. PEI deriva-
tives can be prepared by cross-linking 800 Da PEI with
dithiobis(succinimidylpropionate) (DSP) and/or dimethyl
3,3'-dithiobispropionimidate 2HCI (D'TBP).

Forrest et al., A degradable polyethylenimine derivative
with low toxicity for highly efficient gene delivery, Bioconjug
Chem. 2003 September-October; 14(5):934-40) disclose
highly branched 14-30 KDa polycations that are biodegrad-
able analogs of PEI (25 KDa) produced by addition of amino
groups on 800 Da PEI to diacrylates such as, for example,
1,3-butanediol diacrylate of varying spacer length. These or
similar dertvatives can also be useful 1n the 1invention.

Magnetic Field-Responsive Agent

A magnetic field-responsive agent as used herein 1s a para-
magnetic, superparamagnetic, or ferromagnetic substance
capable of moving under influence of a magnetic force. In
certain embodiments, the magnetic field-responsive agent 1s a
member selected from the group consisting of 1ron, cobalt or
nickel, alloys thereot, oxides thereol and mixed oxides/hy-
droxides of Fe(Il) and/or Fe(I1ll) with at least one of Co(1l),
Mn(II), Cu(II), Ni(I1I), Cr(I11I), Gd(III), Dy(III), and Sm(III).
Preferably, the magnetic field-responsive agent 1s at least one
ofFe,0O,, gamma-Fe,O,, or amixture thereol. Preferably, the
magnetic field-responsive agent 1s iron oxide 1n a shape of
nanocrystals.

The magnetic field-responsive agent can be prepared by
methods known 1n the art in various shapes and sizes (see
Hyeon T., Chemical Synthesis of Magnetic Nanoparticles.
The Royal Society of Chemistry 2003, Chem. Commun.,
2003, 9277-934). In certain embodiments, 1ron oxide nanoc-
rystals were obtained by precipitation of mixed 1ron chlorides
in the presence of a base 1n aqueous medium (see Khalafalla
S E. Magnetic tfluids, Chemtech 1975, September: 540-547).

The term “coated magnetic field-responsive agent” as used
herein denotes a magnetic field-responsive agent 1n commu-
nication with an amphiphilic agent (an amphiphilic agent can
be defined as “first” or “second” to 1indicate that these agents
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can be different substances, however embodiments 1n which
these agents are the same are contemplated as well). In the
particle of the invention, the coated magnetic field-responsive
agent 1s 1n communication with the matrix-forming agent.

Stabilizing Agent

Optionally, the particle of the invention includes a stabiliz-
ing agent. Non-limiting examples of stabilizing agents
include poly(sorbate) (e.g., TWEEN (Merck and Co. Inc.,
Whitehouse Station N.J., USA)), sorbitan ester, ethylene
oxide-propylene oxide bleek copolymers (e.g., poloxamer),
poloxamine, poly(ethylene glyeel) (PEG), alkyl polyethylene
glycol ether, PEG-based non-1onic surfactants (e.g., fatty acid
polyethylene glycol ester and mixtures thereof). Examples of
the functions of such stabilizing agents include providing
steric protection, contributing to the stability 1 high ionic
strength media 1n vitro and 1n serum 1n vivo, preventing rapid
sequestration of the nanoparticles by the reticuloendothelial
system following an intravenous injection.

Biomaterial

The biomaterial of the present invention can be any mol-
ecule or macromolecule having a therapeutical utility. In cer-
tain embodiments of the composition, the biomaterial 1s a
member selected from the group consisting of a nucleic acid,
a protein, a peptide, an oligonucleotide, an antibody, an anti-
gen, a viral vector, a bioactive polypeptide, a polynucleotide
coding for the bioactive polypeptide, a cell regulatory small
molecule, a gene therapy agent, a gene transfection vector, a
receptor, a cell, a drug, a drug delivering agent, an antimicro-
bial agent, an antibiotic, an antimitotic, an antisecretory
agent, an anti-cancer chemotherapeutic agent, steroidal and
non-steroidal anti-inflammatories, a hormone, a proteogly-
can, a glycosaminoglycan, a free radical scavenger, an 1ron
chelator, an antioxidant, an imaging agent, and a radiothera-
peutic agent.

In certain embodiments of the composition, the biomate-
rial 1s any molecule or macromolecule to which a suitable
ionizable reactive group, such as, for example, a carboxy
(—COOH) group or an amino (—NH,) group 1s attached.

The biomaterial can associate with the particle 1n several
ways. In one embodiment, the biomaterial 1s 1n an 1onic
association with the charged groups of the polyelectrolyte-
amphiphilic agent adduct (e.g., the carboxylate group) while
the lipophilic part of the polyelectrolyte-amphiphilic agent
adduct anchored in the matrix or chemically bound to the
matrix-forming polymer of the particle. Association between
the biomaterial and the polyelectrolyte-amphiphilic agent
adduct can also be covalent, wherein reactive groups of the
biomaterial chemically react with reactive groups of the poly-
clectrolyte-amphiphilic agent. Based on the desired type of
the association, persons skilled 1n the art would be able to
select biomaterials with reactive groups capable of interact-
ing with the polyelectrolyte-amphiphilic agent adduct. A per-
son skilled in the art would appreciate that such interactions
would secure biomaterial predominantly to the outer surface
of the particle.

In certain embodiments, the biomaterial can be 1n physical
association (1.e., entrapped or adsorbed) with the matrix-
forming polymer. Examples of entrapped biomaterial include
Taxol (1.e., a substance soluble 1n an organic solvent).

Substances that are helpful to enhance bioavailability or
stability of biomolecules, such as, for example, aurine, can
also be entrapped as discussed above.

Combinations of biomaterial entrapped inside the particle
and biomaterial attached to the outer surface of the particle
(1.e., 1on1c or covalent bonding) are also contemplated. Same
or different biomaterials can be used. For example, retinoid
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acid can have a dual function and can be used instead of an
amphiphilic agent (e.g., oleic acid).

Suitable biomaterials include pharmaceuticals, nucleic
acid sequences, such as transposons, signaling proteins that
facilitate wound healing, such as TGF-p, FGF, PDGF, IGF
and GH proteimns that regulate cell survival and apoptosis,
such as Bcl-1 family members and caspases; tumor suppres-
sor proteins, such as the retinoblastoma, p53, PAC, DCC.
NF1, NF2, RET, VHL and W'I-1 gene products; extracellular
matrix proteins, such as laminins, fibronectins and integrins;
cell adhesion molecules such as cadherins, N-CAMs, selec-
tins and immunoglobulins; anti-inflammatory proteins such
as Thymosin beta-4, IL-10 and IL-12.

In certain embodiments, the biomaterial includes at least
one of heparin, covalent heparin, or another thrombin 1nhibi-
tor, hirudin, hirulog, argatroban, D-phenylalanyl-L-poly-L-
arginyl chloromethyl ketone, or another antithrombogenic
agent, or mixtures thereof; urokinase, streptokinase, a tissue
plasminogen activator, or another thrombolytic agent, or mix-
tures thereof; a fibrinolytic agent; a vasospasm inhibitor; a
calcium channel blocker, a nitrate, nitric oxide, a nitric oxide
promoter or another vasodilator; an antimicrobial agent or
antibiotic; aspirin, ticlopidine, a glycoprotein I1Ib/I11a inhibi-
tor or another inhibitor of surface glycoprotein receptors, or
another antiplatelet agent; colchicine or another antimitotic,
or another microtubule inhibitor, dimethyl sulfoxide
(DMSOQ), a retinoid or another antisecretory agent; cytocha-
lasin or another actin inhibitor; a remodeling inhibitor; deox-
yribonucleic acid, an antisense nucleotide or another agent
for molecular genetic intervention; methotrexate or another
antimetabolite or antiproliferative agent; tamoxifen citrate,
Taxol™ or derivatives thereot, or other anti-cancer chemo-
therapeutic agents; dexamethasone, dexamethasone sodium
phosphate, dexamethasone acetate or another dexamethasone
derivative, or another anti-inflammatory steroid or a non-
steroidal anti-inflammatory agent; cyclosporin or another
immunosuppressive agent; trapidal (a PDGF antagonist),
anglogenin, angiopeptin (a growth hormone antagonist), a
growth factor or an anti-growth factor antibody, or another
growth factor antagonist; dopamine, bromocriptine mesylate,
pergolide mesylate or another dopamine agonist; radiothera-
peutic agent; 10dine-containing compounds, barium-contain-
ing compounds, gold, tantalum, platinum, tungsten or another
heavy metal functioming as a radiopaque agent; a cellular
component; captopril, enalapril or another angiotensin con-
verting enzyme (ACE) inhibitor; ascorbic acid, alpha toco-
pherol, superoxide dismutase, deferoxamine, a 21-amino ste-
roid (lasaroid) or another free radical scavenger, 1ron chelator
or antioxidant; a **C—, "H—, ?“P- or °°S-radiolabelled form
or other radiolabelled form of any of the foregoing; a hor-
mone; estrogen or another sex hormone; AZT or other anti-
polymerases; acyclovir, famciclovir, rimantadine hydrochlo-
ride, ganciclovir sodium or other antiviral agents;
S-aminolevulinic acid, meta-tetrahydroxyphenylchlorin,
hexadecatluoro zinc phthalocyanine, tetramethyl hematopor-
phyrin, rhodamine 123 or other photodynamic therapy
agents; an IgG2 Kappa antibody against Pseudomonas
aeruginosa exotoxin A and reactive with A431 epidermoid
carcinoma cells, monoclonal antibody against the noradren-
ergic enzyme dopamine beta-hydroxylase conjugated to
saporin or other antibody targeted therapy agents; gene
therapy agents; and enalapril and other prodrugs, or a mixture
of any of these.

Additionally, the biomaterial can be a component of any
allimty-ligand pair. Examples of such affinity ligand pairs
include avidin-biotin and IgG-protein A. Furthermore, the
biomaterial can be either component of any receptor-ligand
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pair. One example 1s transierrin and its receptor. Other aflinity
ligand pairs include powerful hydrogen bonding or i1onic
bonding entities such as chemical complexes. Examples of
the latter include metallo-amine complexes. Other such
attractive complexes include nucleic acid base pairs, via
immobilizing oligonucleotides of a specific sequence, espe-
cially antisense. Nucleic acid decoys or synthetic analogues
can also be used as pairing agents to bind a designed gene
vector with attractive sites. Furthermore, DNA binding pro-
teins can also be considered as specific ailinity agents; these
include such entities as histones, transcription factors, and
receptors such as the gluco-corticoid receptor.

In one preferred embodiment, the biomaterial 1s an anti-
nucleic acid antibody. The antibody can therefore specifically
bind a nucleic acid, which encodes a product (or the precursor
ol a product) that decreases cell proliferation or induces cell
death, thereby mitigating the problem of restenosis 1n arteries
and other vessels. The nucleic acid that 1s tethered to a support
via the antibody can efficiently transfect/transducer cells. In
general terms, the field of “gene therapy™ involves delivering
into target cells some polynucleotide, such as an antisense
DNA or RNA, a nbozyme, a viral fragment, or a functionally
active gene, that has a therapeutic or prophylactic effect on
the cell or the organism containing it. The antibody of the
composition can be a full-length (i.e., naturally occurring or
formed by normal immuno-globulin gene fragment recombi-
natorial processes) immunoglobulin molecule (e.g., an IgG
antibody, or IgM or any antibody subtype) or an immunologi-
cally active (1.e., specifically binding) portion of an immuno-
globulin molecule. The antibody comprises one or more sites,
which specifically bind with a nucleic acid (1.e., which does
not substantially bind other types of molecules). The binding
site can be one that binds specifically with a nucleic acid of a
desired type without regard to the nucleotide sequence of the
nucleic acid. The binding site can, alternatively, be one which
binds specifically only with a nucleic acid comprising a
desired nucleotide sequence.

The complex formed between a polynucleotide and a cog-
nate antibody can be immobilized on a variety of surfaces
such that, when the surface 1s exposed to a physiological
environment 1n situ, the attached polynucleotide 1s released,
over time, 1n a manner that enhances delivery of the poly-

[,

nucleotide to cells 1n the proximity. DNA transier by way of

immunospecific tethering has previously been shown to
maintain the nucleic acid in regions that are subject to gene
therapy.

Examples of suitable antibodies include Fv, F(ab), and
F(ab'), fragments, which can be generated 1s conventional
fashion, as by treating an antibody with pepsin or another
proteolytic enzyme. The nucleic acid-binding antibody use-
tul 1n the present mvention can be polyclonal antibody or a
monoclonal antibody. A “monoclonal” antibody comprises
only one type of antigen binding site that specifically binds
with the nucleic acid. A “polyclonal” antibody can comprise
multiple antigen binding sites that specifically bind the
nucleic acid. An antibody employed 1n this mvention prefer-
ably 1s a full-length antibody or a fragment of an antibody,
such as F(ab'),, that possesses the desired binding properties.

A nucleic acid for use 1n the present invention can be any
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a cell. In this context, a “therapeutic polynucleotide™ 1s a
polymer comprised of nucleotides that, when provided to or
expressed 1n a cell, alleviates, inhibits, or prevents a disease or
adverse condition, such as inflammation and/or promotes
tissue healing and repair (e.g., wound healing). The nucleic
acid can be composed of deoxyribonucleosides or ribo-
nucleosides, and can have phosphodiester linkages or modi-
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fied linkages, such as those described below. The phrase
“nucleic acid™ also encompasses polynucleotides composed
of bases other than the five that are typical of biological
systems: adenine, guanine, thymine, cytosine and uracil.

A suitable nucleic acid can be DNA or RNA, linear or
circular and can be single-or-double-stranded. The “DNA”
category in this regard includes: cDNA; genomic DNA; triple
helical, supercoiled, Z-DNA and other unusual forms of
DNA; polynucleotide analogs; an expression construct that
comprises a DNA segment coding for a protein, including a
therapeutic protein; so-called “antisense” constructs that,
upon transcription, vield a ribozyme or an antisense RNA;
viral genome fragments, such as viral DNA; plasmids and
cosmids; and a gene or gene fragment.

The nucleic acid also can be RNA, for example, antisense
RINA, catalytic RNA, catalytic RNA/protein complex (1.e., a
“ribozyme”), and expression construct comprised of RNA
that can be translated directly, generating a protein, or that can
be reverse transcribed and either transcribed or transcribed
and then translated, generating an RNA or protein product,
respectively; transcribable constructs comprising RNA that
embodies the promoter/regulatory sequence(s) necessary for
the generation of DNA by reverse transcription; viral RNA;
and RNA that codes for a therapeutic protein, inter alia. A
suitable nucleic acid can be selected on the basis of a known,
anticipated, or expected biological activity that the nucleic
acid will exhibit upon delivery to the iterior of a target cell or
its nucleus.

The length of the nucleic acid 1s not critical to the inven-
tion. The nucleic acid can be linear or circular double-
stranded DNA molecule having a length from about 100 to
10,000 base pairs 1n length, although both longer and shorter
nucleic acids can be used.

The nucleic acid can be a therapeutic agent, such as an
antisense DNA molecule that inhibits mRNA translation.
Alternatively, the nucleic acid can encode a therapeutic agent,
such as a transcription or translation product which, when
expressed by atarget cell to which the nucleic acid-containing
composition 1s delivered, has a therapeutic effect on the cell
or on a host organism that includes the cell. Examples of
therapeutic transcription products include proteins (e.g., anti-
bodies, enzymes, receptors-binding ligands, wound-healing
proteins, anti-restenotic proteins, anti-oncogenic proteins,
and transcriptional or translational regulatory proteins), anti-
sense RNA molecules, ribozymes, viral genome fragments,
and the like. The nucleic acid likewise can encode a product
that functions as a marker for cells that have been trans-
formed, using the composition. Illustrative markers include
proteins that have identifiable spectroscopic properties, such
as green fluorescent protein (GFP) and proteins that are
expressed on cell surfaces (i.e., can be detected by contacting
the target cell with an agent which specifically binds the
protein). Also, the nucleic acid can be a prophylactic agent
useful i the prevention of disease.

A nucleic-acid category useful in the present mvention
encompasses polynucleotides that encode proteins that affect
wound-healing. For example, the genes egt, tgf, kgt, hb-egf,
pdet, 1gf, 1gi-1, 1gf-2, vegt, other growth factors and their
receptors, play a considerable role 1n wound repatr.

Another category of polynucleotides, coding for factors
that modulate or counteract inflammatory processes, also 1s
usetul for the present invention. Also relevant are genes that
encode an anti-inflammatory agent such as MSH, a cytokine
such as IL-10, or a receptor antagonist that diminishes the
inflammatory response.

Suitable polynucleotides can code for an expression prod-
uct that induces cell death or, alternatively, promotes cell
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survival, depending on the nucleic acid. These polynucle-
otides are useful not only for treating tumorigenic and other
abnormal cells but also for inducing apoptosis in normal cells.
Accordingly, another notable nucleic-acid category for the
present 1nvention relates to polynucleotides that, upon
expression, encode an anti-oncogenic protein or, upon tran-
scription, yield an anti-oncogenic antisense oligonucleotide.
In this context, the phrases “anti-oncogenic protein” and
“ant1-oncogenic antisense oligonucleotide” respectively
denote a protein or an antisense oligonucleotide that, when
provided to any region where cell death 1s desired, or the site
ol a cancerous or precancerous lesion 1n a subject, prevents,
inhibits, reverses abnormal and normal cellular growth at the
site or induces apoptosis of cells. Delivery of such a poly-
nucleotide to cells, pursuant to the present invention, can
inhibit cellular growth, differentiation, or migration to pre-
vent movement or unwanted expansion of tissue at or near the
site of transier. Illustrative of this anti-oncogenic category are
polynucleotides that code for one of the known anti-onco-
genic proteins. Such a polynucleotide would include, for
example, a nucleotide sequence taken or derived from one or

more of the following genes: abl, akt2, apc, bcl2-alpha, bel2-
beta, bcl3, bel3, bel-x, bad, ber, breal, brea2, cbl, cendl, cdk4,

crk-I1, cstlr/fins, dbl, dcc, dpcd/smad4, e-cad, e2fl/rbap, eglr/
erbb-1, elkl, elk3, eph, erg, etsl, ets2, fer, fgr/src2, fos, 1ps/
tes, fral, fra2, tyn, hck, hek, her2/erbb-2/neu, her3d/erbb-3,
herd/erbb-4, hrasl, hst2, hstil, ink4a, ink4b, int2fgf3, jun,
unb, jund, kip2, kat, kras2a, kras2b, ck, lyn, mas, max, mcc,
met, mlhl, mos, msh2, msh3, msh6, myb, myba, mybb, myc,
mycll, mycn, nfl, ni2, nras, p33, pdgthb, pimsl, pmsl, pms2,
ptc, pten, raft, rbl, rel, ret, rosl, ski, srcl, tall, tgibr2, thral,
thrb, tiaml, trk, vav, vhl, watl, wntl, wnt2, wtl and yesl By
the same token, oligonucleotides that inhibit expression of
one of these genes can be used as anti-oncogenic antisense
oligonucleotides.

Nucleic acids having modified iter-nucleoside linkages
also can be used 1n composition according to the present
invention. For example, nucleic acids can be employed that
contain modified internucleoside linkages, which exhibit
increased nuclease stability. Such polynuclotides include, for
example, those that contain one or more phosphonate, phos-
phorothioate, phosphorodithioate, phosphoramidate meth-
oxyethyl phosphoramidate, formacetal, thioformacetal,
dusopropylsityl, acetamidate, carbamate, dimethylene-sul-
fide (—CH,—S—CH,—), dimethylene-sulfoxide
(—CH,—SO—CH,—), dimethylenesulfone (—CH,—
SO,—CH,—), 2'-0O-alkyl, and 2'-deoxy-2'-fluoro-phospho-
rothioate internucleoside linkages.

For present purposes, a nucleic acid can be prepared or
1solated by any conventional means typically used to prepare
or 1solate nucleic acids. For example, DNA and RNA can be
chemically synthesized using commercially available
reagents and synthesizers by known methods. RNA mol-
ecules also can be produced 1n high vield via i vitro tran-
scription techniques, using plasmids such as SP65, available
from Promega Corporation (Madison, Wis.). The nucleic acid
can be purified by any suitable means. For example, the
nucleic acid can be purified by reverse-phase or 10n exchange
HPLC, size exclusion chromatography, or gel electrophore-
s1s. Of course, the skilled artisan will recognize that the
method of purification will depend in part on the size of the
DNA to be purified. The nucleic acid also can be prepared via
any of the mnumerable recombinant techniques that are
known or that are developed hereafter.
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A suitable nucleic acid can be engineered 1nto a variety of
known host vector systems that provide for replication of the
nucleic acid on a scale suitable for the preparation of an
inventive composition.

Vector systems useful in the present invention can be viral
or non-viral. Particular examples of viral vector systems
include adenovirus, retrovirus, adeno-associated virus and
herpes simplex virus. Preferably, an adenovirus vector 1s
used. A non-viral vector system includes a plasmid, a circular,
double-stranded DNA molecule. Viral and nonviral vector
systems can be designed, using known methods, to contain
the elements necessary for directing transcription, transla-
tion, or both, of the nucleic acid in a cell to which 1s delivered.
Methods known to the skilled artisan can be used to construct
expression constructs having the protein coding sequence
operably linked with appropriate transcriptional/translational
control signals. These methods include 1n vitro recombinant

DNA techniques and synthetic techniques. For instance, see
Sambrook et al., 1989, MOLECULAR CLONING: A

LABORATORY MANUAL (Cold Spring Harbor Labora-
tory, New York).

A nucleic acid encoding one or more proteins of interest
can be operatively associated with a variety of different pro-
moter/regulator  sequences. The  promoter/regulator
sequences can include a constitutive or inducible promoter,
and can be used under the appropriate conditions to direct
high level or regulated expression of the gene of interest.
Particular examples of promoter/regulatory regions that can
be used include the cytomegalovirus (CMV) promoter/regu-
latory region and the promoter/regulatory regions associated
with the SV40 early genes or the SV40 late genes.

It also 1s within the scope of the present invention that the
employed nucleic acid contains a plurality of protein-coding
regions, combined on a single genetic construct under control
of one or more promoters. The two or more protein-coding
regions can be under the transcriptional control of a single
promoter, and the transcript of the nucleic acid can comprise
one or more internal ribosome entry sites interposed between
the protein-coding regions. Thus, a myriad of different genes
and genetic constructs can be utilized.

Methods of Making Particles

Further provided 1s a method of making the particle of the
invention, the method comprising (1) providing (a) the
matrix-forming agent, (b) a polyelectrolyte, (c) a first
amphiphilic agent, (d) a first medium, (e) a second medium,
and optionally providing a stabilizer; (2) mixing at least the
matrix-forming agent, the first medium, and the second
medium and optionally the polyelectrolyte, the first
amphiphilic agent, and/or the stabilizer to give a first mixture;
(3) emulsiiying the first mixture to give a first emulsion; and
(4) removing the first medium and thereby forming the par-
ticle, on a condition that the polyelectrolyte, the first
amphiphilic agent, and the stabilizer are provided to at least
one of the first medium, the second medium, the first mixture,
the first emulsion, or the particle such that the polyelectrolyte

and the first amphiphilic agent form the polyelectrolyte-am-
phiphilic agent adduct (see F1IGS. 1A-1B).

In certain embodiments of the method, the polyelectrolyte,
the first amphiphilic agent, and optionally the stabilizer are
combined with the matrix-forming agent prior to mixing with
the first medium or the second medium.

The term “first medium” as used herein denotes a solution,
a micellar solution, an emulsion, or a suspension. In certain
embodiments of the method, the first medium comprises an
organic solvent. In certain embodiments of the method, the
first medium comprises the organic solvent selected from the
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group consisting ol chloroform, dichloromethane, tetrahy-
drofuran, acetone, ethanol, hexane, heptane, methylethylke-
tone, propylene carbonate, ethyl acetate, acetylacetone, ace-
tic anhydrnide, dimethylsulioxide, dimethylformamide,
acetonitrile and mixtures thereof. In certain embodiments, the
organic solvent 1s provided as a ratio of at least two different
organic solvents wherein the ratio influences a size of the
particle. In one variant, the least two different organic sol-
vents are tetrahydrofuran and chloroform provided at the ratio
of about 0.1 to about 10 and the particle’s diameter 1s about
3’70 nm to about 100 nm.

Emulsification can be performed by methods known 1n the
art such as ultrasonication, high pressure homogenization,
and microtluidization as described by Quintanar-Guerrero et
al., supra.

Methods of preparing particles of the invention avoid using,
harsh conditions (e.g., extreme pH, elevated temperatures),
which can cause degradation of the matrix-forming polymer
and/or some biomaterials. Room temperature 1s preferred for
steps 1volving addition of the biomaterial.

Preparations of coated magnetic field-responsive agent can
be conducted at elevated temperatures 1n the absence of bio-
material.

In certain embodiments of the method, the second medium
1s a member selected from the group consisting of water,
alcohols, and liquid hydrocarbons.

In certain embodiments, the method further comprises pro-
viding a biomatenal.

In certain embodiments of the method, the biomaterial 1s
provided to at least one of the first mixture, the first emulsion
and/or the particle. Itmay be added as 1s or 1n a co-solvent ({or
example, methotrexate (the biomaterial) can be added 1n dim-
cthylsulfoxide (the co-solvent) to the first medium. Further, 1t
can be incorporated 1n either component of the first medium,
1.€. as a part of a solution, a micellar solution, an emulsion, or
a suspension depending on solubility of the biomaternal 1n
particular substances used.

In another embodiment, the method further comprises pro-
viding a coated magnetic field-responsive agent to at least one
of the first medium, the second medium, and/or the first
mixture. In certain embodiments, the coated magnetic field-
responsive agent 1s provided by combining a magnetic field-
responsive agent and a second amphiphilic agent in the pres-
ence of the first medium, the second medium, or the first
mixture. Preferably, the coated magnetic field-responsive
agent 1s dispersed in the first medium and mixed with the
matrix-forming agent, the polyelectrolyte, the first
amphiphilic agent, and the stabilizer prior to mixing with the
second medium as shown in FIG. 5. In one variant of this
embodiment, the method further comprises providing a bio-
material, wherein the biomaterial 1s provided to at least one of
the first mixture, the first emulsion and/or the particle. Pret-
erably, the biomaterial 1s provided to the particle, 1n such a
manner that the biomaterial 1s 1n communication with the
polyelectrolyte-first amphiphilic agent adduct, provided that
the polyelectrolyte, the first amphiphilic agent, and the stabi-
lizer are combined with the matrix-forming agent before mix-
ing with the first medium.

Further provided 1s a method of making the magnetic par-
ticle of the invention, the method comprising: (1) providing
the matrix-forming polymer, the coated magnetic field-re-
sponsive agent, a {irst medium and a second medium, and
optionally providing a stabilizer; (1) mixing at least the
matrix-forming polymer, the first medium, and the second
medium to give a second mixture; (111) emulsiiying the second
mixture to give a second emulsion; and (1v) removing the first
medium and thereby forming the particle, on a condition that
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the coated magnetic field-responsive agent and optionally the
stabilizer are provided to at least one of the first medium, the
second medium, or the second mixture. Preferably, the coated
magnetic field-responsive agent 1s provided by combining the
magnetic field-responsive agent and the second amphiphilic
agent 1n a presence of the first medium, the second medium,
or the second mixture. One variant of this embodiment
includes further providing a biomaterial. The biomaterial can
be provided to at least one of the second mixture, the second
emulsion or the magnetic particle.

Methods of Delivery of Biomaterial to Target Cell or Target
Tissue

Also provided 1s a method of delivery of a biomatenial to a
target cell or a target tissue, the method comprising: admin-
istering the particle of the mvention comprising the matrix-
forming agent, polyelectrolyte-amphiphilic agent adduct, the
coated magnetic field-responsive agent and the biomaterial;
optionally providing a magnetic device associated with the
target cell or the target tissue; applying a magnetic force to the
particle; and guiding the particle by the magnetic force and
thereby delivering the biomaternial to the target cell or the
target tissue.

The source of magnetic field can be any source known 1n
the art, e.g., an electromagnet. Magnetic field can be applied
internally by placing a magnetic device inside a body 1n need
of delivery of biomaterial; the magnetic field can be applied
externally or as a combination of both.

Further provided 1s a method of delivery of a biomatenal to
a target cell or a target tissue, the method comprising: admin-
istering the particle of the mvention comprising the matrix-
forming agent, the coated magnetic field-responsive agent,
and the biomatenial, wherein the particle 1s free of the poly-
clectrolyte; providing a magnetic device associated with the
target cell or the target tissue; applying a magnetic force to the
particle; and guiding the particle by the magnetic force and
thereby delivering the biomaterial to the target cell or the
target tissue.

Also provided 1s a method of delivery of a biomatenal to a
cell or a tissue, the method comprising: administering the
particle of the mvention comprising the matrix-forming
agent, the polyelectrolyte-amphiphilic agent adduct, and the
biomaterial, wherein the particle 1s free of the magnetic field-
responsive agent; and delivering the biomaterial to the cell or
tissue using the particle as a carrier, wherein the cell 1s option-
ally contacted with a transfection agent prior to said deliver-
ng.

Administering of the particle can be done, for example, by
layering, spraying, pouring, injection, inhalation, or ingestion
or a combination of any of the above.

The invention will be 1llustrated 1n more detail with refer-
ence to the following Examples, but 1t should be understood
that the present invention i1s not deemed to be limited thereto.

EXAMPLES

Example 1

Preparation of a Coated Magnetic-Field Responsive
Agent

The formulation of superparamagnetic biodegradable
nanoparticles ivolves at least two steps: forming a long-
chain carboxylic acid stabilized 1ron oxide nanocrystals and
incorporation of the 1rron oxide nanocrystals 1n the biodegrad-
able polymeric matrix of PLA-based nanoparticles formu-
lated with PEI. The first step ivolves co-precipitation of
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terric and ferrous chlorides 1n the presence of aqueous base
solution (NaOH, 0.1N) with subsequent coating with oleic
acid, thus rendering the nanocrystal surface lipophilic (see De
Cuyper, supra; and Khalafalla supra). The obtained stabilized
iron oxide nanocrystals were separated by extraction or cen-
trifugation/magnetic sedimentation with subsequent resus-
pension 1n chloroform or a mixture of chloroform and tet-
rahydrofuran.

1 ml of an aqueous solution containing 65 mg of FeCl,
hexahydrate, 32 mg of Fe(Cl, tetrahydrate and 50 mg of Plu-
ronic F-68 (as an optional stabilizer) (BASF Corp.) were
rapidly mixed with 10 ml aqueous solution of NaOH (0.1M).
Next, 200 mg of oleic acid were added dropwise, and the
mixture was degassed 1n argon. The mixture was heated to
90° C. 1n a water bath for 5 min and cooled to room tempera-
ture. The mixture 1n a form of a suspension was vortexed with
5> ml of CHCI, to extract thus formed 1ron oxide nanocrystals,
and the bottom layer was further used to prepare nanopar-
ticles.

Preparation of Nanoparticles

Biodegradable matrix-forming polymer (polylactide) and
PEI were incorporated into the iron oxide dispersion in the
organic medium, and the organic phase thus obtained 1s emul-
sified 1n water followed by the organic solvent’s evaporation
(emulsification-solvent evaporation or the emulsification sol-
vent-diffusion method) and nanoparticles filtration as in the
example below.

200mgoi PLA (D, L-PLA (70-120 KDa) Sigma), 50mg of
Pluronic F-68 (BASF Corp.), 100 mg of PEI (25 KDa; Ald-
ridge) were dissolved 1 5 ml of 1ron oxide suspension in
CHCI, as described above. The organic solution was added to
15 ml of distilled water pre-cooled to 0° C., and the mixture
was emulsified by sonication on the i1ce bath. CHCI, was
removed by rotavaporation at 30° C. The particles were {1il-
tered through 6 um Whatman paper filter. The size of the
nanoparticles was found to be 302 nm and remained stable for
at least one week. The 1ron content in the nanoparticle sus-
pension was found to be 74% with only 2.4% localized out-
side the nanoparticles indicating a high vield of the applied
magnetite entrapment procedure (see FIGS. 1A-1B). FIG. 1C
1s a transmission electron micrograph of nanoparticles con-
taining magnetite. The micrograph was taken without sample
staining and magnetite appears as dark grains.

Nanoparticles that do not contain magnetic field-respon-

stve agent can be prepared similarly using an organic phase
devoid of 1ron oxide suspension: 200 mg of PLA (D, L-PLA

(70-120 KDa) Sigma), 50 mg of Pluronic F-68 (BASF Corp.),
100 mg of PEI (25 KDa; Aldridge) were dissolved 1 5 ml
CHCI,. The organic solution was added to 15 ml of distilled
water pre-cooled to 0° C., and the mixture was emulsified by
sonication on the ice bath. CHCI, was removed by rotavapo-
ration at 30° C. The particles were filtered through 6 um
Whatman paper filter.

The total amount of PEI mnitially taken was determined in
the formulation with only 13.5% localized outside the nano-
particles; the escape of PEI from the nanoparticles was slow
resulting 1n about 30% localized outside the nanoparticles
alter 7 days (FIG. 3) as opposed to similarly prepared non-
magnetic nanoparticles which did not include oleic acid and
iron oxide in their composition.
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Example 2

Use of Solvent to Control Size of Particle

Use of tetrahydrofuran (THF), a water-miscible solvent, 1in
a mixture with chloroform to form the organic phase allows to
considerably decrease the size of the resultant nanoparticles,
thus making possible to optimize the nanoparticle uptake by
a given cell type without affecting the amounts of the struc-
tural components in the formulation (1.e. PLA, PEI, Fe,O,,
oleic acid) and the colloidal stability of the dispersion. There-
fore, one can independently control size and surface charge,
which 1s unachievable 1n complexes prepared by simply com-
bining DNA and PEI. The effect of varying the volume of
THF and chloroform (the organic phase composition) on
particle magnetic behavior and size 1s shown in FIGS. 2A and
2B. The total volume of the tetrahydrofuran/chloroform mix-
ture was kept constant and equal to 6.0 ml.

All magnetic formulations: O ml THF (large NP, LNP), 3
ml THF (medium NP, MNP), and 4.5 ml THF (small NP,
SNP)) exhibit superparamagnetic behavior. A non-magnetic
formulation of large NP included as a control 1s diamagnetic.
FIG. 2B demonstrates a decrease in the nanoparticle size
linear with the THF amount in the organic phase.

Example 3

Gene Transter Efficiency and Cell Toxicity

Next, particles were studied for transfection of cells 1n
culture. Three kinds of magnetically responsive particles
were prepared and complexed with DNA at different PEI:
DNA ratios In all experiments, nanoparticles were complexed
with 0.25 ng GFP-encoding DNA plasmid per well in 5%
glucose for 30 min, then mixed 1:4 with cell culture medium
supplemented with 10% serum and applied to cells for 10 min
with magnetic field. Their transfection efficiency, as well as
nanoparticles uptake and toxicity was studied 1n cultured rat
aortic smooth muscle and bovine aortic endothelial cells
(A10 and BAEC, respectively) using non-magnetic particles
as a control. Gene expression, NP uptake and cell survival
were determined by measuring tluorescence at 485/535 nm,
620/670 nm and with the Alamar Blue assay, respectively, at
2 day time point. The results are presented in FIGS. 4A-4F.
Magnetically responsive formulations resulted 1n high levels

ol gene product as opposed to non-magnetic nanoparticles
(FIGS. 4A and B) in correlation with their cellular uptake

(FIGS. 4C and D). All formulations exhibited low toxicity in
cell culture 1n the examined amount range (FIGS. 4E and F).

In another experiment, bovine aortic endothehal cells
(BAEC) were seeded on day-1 (2x10%well, on four 24-well
plate). The cells were washed 2 times (2x1 hr) with the
unsupplemented medium (DMEM) on day O prior to trans-
tection. DNA stock solution (0.55 ml) was slowly added to
0.55 ml of complexants diluted to provide 0.25 g DNA per
well complexed at predetermined theoretical charge ratios
and left for 30 min. 0.125 ml of the unsupplemented medium
was added to each well followed by 0.125 ml preparation; the
cells were incubated at 37° C., while one plate was placed at
a time on the magnet (15 min) (the other kept at a distance
from 1it). The medium was then replaced with fresh pre-
warmed medium supplemented with 10% FCS. The cells
were observed for transfection after 24 hr.

The nanoparticles and PEI showed comparable transiec-
tion of BAEC cells in culture with DNA encoding for green
fluorescent protein when applied without use of external
magnetic field (FIG. 5A), whereas the transfection efficacy of
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the magnetic nanoparticles applied in the presence of a per-
manent magnet (FIG. 5SB) was substantially increased as
compared to both control formulations and the magnetic
nanoparticles applied 1n the absence of the magnet (FIG. SA).

Similar effect of the magnetic field on the transiection
eificacy was also observed 1n A10 cells 1n culture.

Notably, the magnetic NP were able to effectively transifect
cells 1n presence of 10% and 80% serum apparently due to
their protective effect against DNA enzymatic degradation,
whereas practically no transfection was found when DNA:
PEI complex was added to the cells 1n the presence of serum
for the same time period.

Example 4

Preparation of Nanoparticles Comprising
Biomaterial

Nanoparticles were prepared as described in Example 1
and Example 2. DNA encoding for green fluorescent protein
was used as a biomaternial. DNA 1 5% glucose aqueous
solution was added to nanoparticles suspended 1n 5% aque-
ous glucose solution, incubated at RT for 30 min; and gently
mixed by up and down pipetting.

The nanoparticles were shown to completely bind DNA at

theoretical nitrogen:phosphate ratios above 10 and 5 for glu-
cose 5% solution and MES 0.1 M (pH=6.3) butler, respec-
tively, used as complexation medium.

Next, particles were studied for transfection of cells 1n
culture with and without use of external magnetic field.

Three kinds of particles were prepared at three different
PEI:DNA theoretic ratios (5:1; 10:1; and 15:1).
One kind of particles denoted 1 FIGS. SA and 3B as

“magnetic NP” included magnetic nanoparticles comprising
PLA, PEI oleic acid, iron oxide coated with oleic acid and

DNA (shown in FIGS. 5A and 3B as magnetic NP). Serving

as controls, “PEI” included particles comprising PEI and
DNA and “PEI+blank NP” were particles consisting of free
PEI mixed with DNA 1n the presence of blank PL A particles.

Next, particles were added to BAEC cells and transfection
was measured 1n the absence and presence of external mag-
netic field as shown 1 FIGS. 5A and 3B respectively.

Example 5
Preparation of Nanoparticles

An alternative procedure provides nanoparticles with a
higher magnetite loading. 5.5 ml aqueous solution containing,
300 mg FeCl, hexahydrate, and 150 mg FeCl, tetrahydrate
was rapidly mixed with 4.5 ml aqueous solution of NaOH (1.0
M). The precipitate was separated on a magnet and suspended
in 2 ml ethanol with oleic acid (150 mg). The mixture was
degassed 1n argon and heated to 90° C. 1n a water bath for 5
min. 4 ml water was added dropwise upon gentle stirring, the
oleic acid-coated 1ron oxide was precipitated on a magnet,
and the liquid phase was carefully aspirated. The precipitate
was washed with 4 ml ethanol to remove excess oleic acid and
resuspended m 6 ml chloroform. 200 mg PLA (, ;-PLA,
70-120 K from Sigma) and 100 mg oleic acid were dissolved
in the 1ron oxide suspension in chloroform. 100 mg PEI (25 K
from Aldrich) was dissolved in 4 ml water and 1 ml EtOH.
The organic phase was emulsified in 15 ml water by sonica-
tion while adding the PEI solution. The organic solvents were
removed by rotavaporation at 25° C. The particles were {fil-
tered through 1.0 um glass fiber filter and dialyzed against
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deionized water at 4° C. for 24 hr with several water replace-
ments using 300,000 Da cut-off dialysis membrane.

The use of higher amounts of iron salts 1n the particle
preparation resulting in increased magnetite loading 1n the
final nanoparticles provides formulations with substantially
higher magnetic responsiveness.

While the mnvention has been described 1n detail and with
reference to specific examples thereot, 1t will be apparent to
one skilled 1n the art that various changes and modifications
can be made therein without departing from the spirit and
scope thereol.
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What 1s claimed 1s:

1. A particle comprising:

a matrix-forming polymer; and

a polyelectrolyte-amphiphilic agent complex formed by an

ionic association ol a polyelectrolyte with a {irst
amphiphilic agent and having a C,-C,, hydrocarbon
chain, wherein the polyelectrolyte-amphiphilic agent
complex 1s 1n physical communication with the matrix-
forming polymer; the particle further comprising a
coated magnetic field-responsive agent comprising a
magnetic field-responsive agent in communication with
a second amphiphilic agent, wherein the coated mag-
netic field-responsive agent 1s 1n communication with
the matrix-forming polymer.

2. The particle of claim 1, wherein the matrix-forming,
polymer 1s selected from the group consisting of poly(ester),
poly(urethane), poly(alkylcyanoacrylate), polyanhydnde,
polyethylenevinyl acetate, poly(lactone), poly(styrene), poly
(amide), poly(acrylonitrile), poly(acrylate), poly(methacry-
late), poly(orthoester), poly(ether-ester), poly(tetratluoroeth-
ylene), mixtures thereotl and copolymers of corresponding
MOoNnomers.

3. The particle of claim 2, wherein the poly(ester) i1s a
member selected from the group consisting of poly(lactide),
poly(glycolide), poly(lactide-co-glycolide), poly(e-capro-
lactone), poly(dioxanone), poly(hydroxybutyrate), and poly
(ethylene terephthalate).

4. The particle of claim 1, wherein the polyelectrolyte-
amphiphilic agent complex 1s poly(ethyleneimine) carboxy-
late.

5. The particle of claim 1, wherein the polyelectrolyte 1s a
member selected from the group consisting of poly(ethylene-
imine), poly(allylamine), poly(lysine), poly(arginine), poly
(spermine), poly(spermidine) and derivatives thereof.

6. The particle of claim 1, wherein the first amphiphilic
agent 1s a member selected from the group consisting of fatty
acids, lipids and salts thereof.

7. The particle of claim 6, wherein the first amphiphilic
agent 1s a C, ,-C,, carboxylic acid.

8. The particle of claim 7, wherein the first amphiphilic
agent 1s oleic acid.
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9. The particle of claim 1, wherein the second amphiphilic
agent 1s a member selected from the group consisting of fatty
acids, lipids and salts thereof.

10. The particle of claim 1, wherein the magnetic field-
responsive agent 1s a member selected from the group con-
sisting of 1ron, cobalt, nickel, alloys of 1ron, alloys of cobalt,
alloys of nickel, oxides of 1ron, oxides of cobalt, oxides of
nickel, and mixtures of one or more 1ron compounds with one
or more other metal compounds;

wherein the one or more iron compounds are selected from
the group consisting of Fe(I1l) oxide, Fe(Il) hydroxide,
Fe(I11I) oxide and Fe(IlI) hydroxide; and

wherein the one or more other metal compounds are
selected from the group consisting of Co(ll) oxide,
Co(Il) hydroxide, Mn(Il) oxide, Mn(Il) hydroxide,
Cu(Ill) oxade, Cu(ll) hydroxide, Ni(II) oxide, Ni(I1I)
hydroxide, Cr(IlI) oxide, Cr(IlI) hydroxide, Gd(III)
oxide, GA(III) hydroxide, Dy(I11I) oxide, Dy(I111) hydrox-
1ide, Sm(III) oxide and Sm(III) hydroxide.

11. The particle of claim 10, wherein the magnetic field-
responsive agent 1s Fe,O,, gamma-Fe,O,, or a mixture
thereof.

12. The particle of claim 1, further comprising a biomate-
rial in communication with at least one of the polyelectrolyte-
amphiphilic agent complex or the matrix-forming polymer.

13. The particle of claim 12, wherein the biomaterial 1s a
member selected from the group consisting of a nucleic acid,
a protein, a peptide, an oligonucleotide, an antibody, an anti-
gen, a viral vector, a bioactive polypeptide, a polynucleotide
encoding a bioactive polypeptide, a cell regulatory small
molecule, a gene therapy agent, a gene transiection vector, a
receptor, a cell, a drug, a drug delivering agent, an antimicro-
bial agent, an antibiotic, an antimitotic, an antisecretory
agent, an anti-cancer chemotherapeutic agent, steroidal and
non-steroidal anti-inflammatories, a hormone, a proteogly-
can, a glycosaminoglycan, a free radical scavenger, an 1ron
chelator, an antioxidant, an imaging agent, and a radiothera-
peutic agent.

14. The particle of claim 13, wherein the biomaterial 1s a
nucleic acid and the nucleic acid 1s DNA or RNA or a syn-
thetic analogue of either of these.

15. The particle of claim 1, further comprising a stabilizer.

16. The particle of claim 15, wherein the stabilizer 1s a
member selected from the group consisting of ethylene
oxide-propylene oxide block copolymers, poloxamine, poly
(sorbate), sorbitan ester, alkyl polyethylene glycol ether, and
fatty acid polyethylene glycol ester.

17. The particle of claam 1, wherein the particle has a
diameter of about 5 nm to about 10 microns.

18. A particle comprising:

a matrix-forming polymer;

a polyelectrolyte-amphiphilic agent adduct comprising a

first C,,-C,, carboxylate group, wherein the first C, ,-
C,, carboxylate group 1s in physical communication
with the matrix-forming polymer;

a second amphiphilic agent comprising a second C,,-C,,
carboxylate group 1n communication with the matrix-
forming polymer; and

a magnetic-field responsive agent in communication with
the second C, ,-C,, carboxylate group.

19. The particle of claim 18, further comprising a stabilizer.

20. The particle of claim 18, turther comprising a bioma-
terial in communication with the polyelectrolyte-amphiphilic
agent adduct and optionally with the matrix-forming poly-
mer.

21. A method of delivery of a biomaterial to a target cell or
a target tissue, the method comprising:
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administering a particle comprising (1) a matrix-forming, forming polymer, and (1v) the biomaterial, said bioma-
polymer, (ii) a polyelectrolyte-amphiphilic agent com- terial being in communication with at least one of the
plex formed by an ionic association of a polyelectrolyte polyelectrolyte-amphiphilic agent complex or the
with a first amphiphilic agent and having a C,-C,, matrix-forming polymer; | | ‘
5 optionally providing a magnetic device associated with the

hydrocarbon chain, wherein the polyelectrolyte-am-
phiphilic agent complex 1s 1n physical communication
with the matrix-forming polymer, (111) a coated magnetic
field-responsive agent comprising a magnetic field-re-
sponsive agent 1n communication with a second
amphiphilic agent, wherein the coated magnetic field-
responsive agent 1s 1n communication with the matrix- S I

target cell or the target tissue;
applying a magnetic force to the particle; and
guiding the particle by the magnetic force and thereby
delivering the biomatenal to the target cell or the target
10 tissue.
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